A number of milk types and milk fractions were investigated as possible substitutes for serum in cell culture media. A filtrate of reconstituted nonfat dry milk showed promise. Culture fluids containing 5% of the nonfat dry milk filtrate were used to propagate primary and continuous cell cultures, and the cell growth from these cultures was compared with that of cells grown in a serum-containing medium. The nonfat dry milk filtrate-supplemented medium supported the growth of all epithelial cells tested, but two fibroblast-type cultures failed to replicate. Cells grown in the medium containing the milk filtrate grew slowly for 2 to 3 days and then propagated to confluency in 6 to 8 days. Viable cell counts of 9 days were comparable to those of serum-grown cells that had been propagated for 7 days. Cells grown in the milk filtrate could be split 1 to 4 when subcultures were prepared. Cell growth could be stimulated by refeeding on days 2 to 3 or by the addition of 30 ,iM 2-mercaptoethanol to the growth medium. Virus susceptibility and titer comparisons with poliovirus 1, coxsackievirus B2, echovirus 7, and herpes simplex virus indicated that approximately the same data were obtained when either the nonfat dry milk filtrate-treated or the serum-treated cells were studied. The nonfat dry milk filtrate is inexpensive, is easily prepared, and is a substitute for serum in epithelial cell culture media.
In 1958, Baron et al. (S. Baron, R. J. Low, A. M. Gochenour, and A. S. Rabson, Fed. Proc. 1: 504, 1958) developed a serum-free maintenance medium containing autoclaved skim milk that effectively maintained a number of cell cultures shown to be sensitive to at least 21 different viruses (5) . In 1959, Rabson and Legallais (13) used a serum-free medium containing autoclaved skim milk that, for 1 year, supported the growth of a cell strain recovered from a human epidermoid carcinoma. Various milks and milk fractions have been investigated in our laboratory as replacements for serum in cell culture media. In 1978, we reported the recovery of a filtrate of raw skim milk associated with the soluble noncasein protein that had been prepared by defatting, ultracentrifugation, and filtration. This filtrate showed considerable promise as a substitute for serum (10) . Although there was an initial lag period when cells were propagated in a medium containing the raw milk filtrate, cells became confluent in 10 to 14 days, and the average split on passage was 1 to 3. A nonfat dry milk fitrate (NDMF) was found to possess similar properties, required no defatting or centrifugation, was more easily obtained than raw skiin milk, and was more likely to be free of antibodies.
In this study, we compared the growth characteristics of a number of primary and continuous cell cultures propagated in a medium containing serum or NDMF. In addition, four viruses were propagated in cells grown in the two different media to determine potential differences in sensitivity to infection.
MATERIALS AND METHODS Cell culture medium. The growth medium consisted of a mixture of 50% Leibovitz L-15 medium (GIBCO Laboratories, Grand Island, N.Y.) and 50%
Eagle minimal essential medium (GIBCO) with L-glutamine, nonessential amino acids, Hanks salts, and the following: 100 U of penicillin G per ml, 100 lAg of streptomycin or 50 ,tg of gentamicin per ml, 0.0375% sodium bicarbonate, and 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer. The medium used to propagate the milk-grown cells was supplemented with 5% NDMF, and the pH was adjusted to 6.8 to 7. Plaque assay. A plaque assay system with BGM monolayers in 25-cm2 flasks or 6-ounce (ca. 180-ml) glass prescription bottles was used as previously described (4, 9) . Flasks were incubated at 36°C, and the plaques were counted and marked daily.
RESULTS
Various concentrations of NDMF (0, 3, 5, 10, 15, 20, and 25%) were used in the growth medium to determine the most productive level for cell growth. The optimum range was between 3 and 5%. No enhancement in cell growth was noted at NDMF concentrations of greater than 5%.
Cells grown in the medium supplemented with NDMF exhibited a slower rate of growth when compared with cells grown in the medium supplemented with serum (Fig. 1) (Table 2) . A number of milk samples were processed over a 3-year period, and no antibodies to the viruses studied were detected in any of the fractions.
The studies of Broome and Jeng (2, 3) and Opitz et al. (12) reported the use of thiol compounds, especially 2-mercaptoethanol (2-ME; Aldrich Chemical Co., Milwaukee, Wis.), to enhance the growth of rodent cells. The interesting data obtained in these studies encouraged us to investigate the effect of 2-ME on cells grown in the NDMF-supplemented medium. The addition of 30 ,uM 2-ME to the NDMF-supplemented medium increased cell growth. Results of this study and data obtained from refeeding the cultures on days 2 to 3 are shown in Fig. 2 . Cell growth was enhanced by the addition of 2-ME and by refeeding.
After several passages in the NDMF-supplemented medium, a number of cell cultures were preserved by freezing at -60°C. The cells were suspended in the NDMF-supplemented medium containing 5% dimethyl sulfoxide, placed in ampoules, and stored at -60°C. A number of ampoules were removed after storage periods of up to 6 months, and the recovered cells had about 90% viability. A number of investigators have advocated the use of skim milk as a protective agent for cells and viruses during the freezing process (6, 11) . It would appear that NDMF has similar protective properties.
DISCUSSION
Hoffeld and Oppenheimn (7) reported that the use of 2-ME in culture medium reverses the inhibitory effect of oxidized glutathione and increases the availability of reduced glutathione, which scavenges oxygen-derived radicals, thus protecting cells from the adverse effect of the free radicals. In our study, the addition of 2-ME to the NDMF-supplemented medium enhanced cell growth but was not as effective as was refeeding the cultures.
The NDMF-supplemented culture medium supported the growth of all epithelium-type cells tested without loss in virus sensitivity. Two fibroblast cell cultures failed to replicate on passage. These results supplement the data of Klagsburn (8) , who reported that a fraction recovered from bovine colostrum supports the growth of epithelial cells, but not fibroblast cells. Milk recovered 8 days postcolostrum failed to support the growth of an established canine kidney epithelial cell line that had previously propagated in the colostrum filtrate. The dilution-filtration method used to prepare the frac-tion may have reduced the growth-promoting factors found in the colostrum. Similar problems were encountered by us until the Hi-Flux cell with the forced-flow agitator was used to process the defatted milk and to obtain a large volume of undiluted NDMF.
The primary mouse embryonic liver and kidney propagated in our laboratory were initially mixtures of fibroblast-and epithelium-type cells. On passage, the fibroblast cells were lost, and the cultures are presently epithelial in character and grow well in the NDMF-supplemented medium. The suggestion of Klagsburn to use colostrum in culture media to eliminate or reduce the fibroblast overgrowth in primary culture appears to be a good one. The fibroblast-inhibitory substance or metabolic deficiency is not confined to the colostrum extract, but appears to be present in NDMF as well. Our present cell culture procedures incorporate 2-ME into the NDMFsupplemented medium with refeeding on days 2 to 3. The cell sheets are confluent on days 5 to 6 and are suitable for virus plaque assays or for continual cell propagation with a split of 1 to 4 when subculturing.
